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The effect of substrate temperature on the homoepitaxial growth process of a SrTiO3(001) surface
has been investigated using our crystal growth molecular dynamics simulation code. SrO molecules
were continuously deposited one by one on the SrTiO3(001) surface terminated by TiO2 atomic
plane at 300 K. Two-dimensional and epitaxial growth of a SrO thin layer was observed on the
SrTiO3(001) surface retaining perovskite type structure and ~001! oriented configuration. However,
some defects were constructed in the grown film at a low temperature of 300 K, which is in
significant contrast to that at 713 K. In the latter case, a single flat and smooth SrO layer was formed
without any defects, which is in good agreement with the experimental results. The self-diffusion
coefficient, activation energy for surface migration, and adsorption energy of the deposited SrO
molecules on the SrTiO3(001) surface were discussed. A higher migration ability of the deposited
SrO molecules at high temperature was found to lead to complete layer-by-layer homoepitaxial
growth. © 1998 American Institute of Physics. @S0021-9606~98!50243-7#I. INTRODUCTION
Novel technology on the artificial construction of atomi-
cally defined metal oxide layers has been desired in relation
to electronic, magnetic, and optical devices as well as other
advanced materials such as supported metal oxide
catalysts.1–5 In particular, a two-dimensional and epitaxial
ultrathin oxide layer with an atomically flat surface is essen-
tial for the development of oxide-based heterojunction de-
vices such as the Josephson tunnel junction. SrTiO3(001)
has attracted much attention among metal oxide crystals, due
to its significance as a lattice-matched substrate which is
suitable for the epitaxial growth of high Tc superconducting
films. Hence, the epitaxial growth process and atomic sur-
face structures of SrTiO3 have been well investigated by
using various experimental techniques, including laser mo-
lecular beam epitaxy ~laser MBE!, pulsed laser deposition
~PLD!, Auger electron spectroscopy ~AES!, reflection high-
energy electron diffraction ~RHEED!, low-energy electron
diffraction ~LEED!, x-ray photoelectron spectroscopy ~XPS!,
x-ray photoelectron diffraction ~XPD!, coaxial impact colli-
sion ion scattering spectroscopy ~CAICISS!, atomic force
microscopy ~AFM!, and scanning tunneling microscopy
~STM!.6–13 Although much important information has been
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cess of the SrTiO3 surface, theoretical approaches, such as
molecular dynamics ~MD!, quantum chemistry, Monte Carlo
simulation, and computer graphics ~CG! would also be de-
sirable in the development of a novel technology for the
fabrication of atomically flat and smooth SrTiO3 surfaces
and interfaces.
Many MD simulations have been performed to obtain
the bulk properties of inorganic materials, such as metal ox-
ides, glasses, and zeolites.14–18 Moreover, the MD technique
has also been applied to some crystal growth processes. In
1985, Schneider et al.19 developed the first MD algorithm to
simulate the vapor phase crystal growth process and applied
it to a Lennard-Jones system. Later, the growth process of
silicon films was actively studied using crystal growth MD
simulators.20–24 In 1991, Luedtke and Landmann25 employed
an embedded-atom MD method26 to investigate the deposi-
tion process of metals on metal surfaces. In 1992, Athanaso-
poulos and Garofalini27 studied the deposition process of Pt
particles on silica surface. We28–31 have also investigated the
formation mechanism of ultrafine Au particles on the
MgO~001! surface. On the other hand, the surface dynamics,
such as adsorption, dissociation, etching, and chemical reac-
tions have also been investigated by using MD approaches.
For example, Carter et al.32–34 applied an analytical potential
function fit to ab initio data and full ab initio molecular1 © 1998 American Institute of Physics
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fluorine etching and H2 desorption. Gilmer et al.35 have in-
vestigated B and As ion-beam processing on a silicon sur-
face. Garrison et al.36–38 applied Brenner potentials39 to hy-
drocarbon reactions on diamond and metal surfaces. There
are many MD simulation results on the surface dynamics,
which were reviewed by Carter et al.40 and Garrison et al.41
As a different approach to the crystal growth mechanism,
mathematical parametrization of crystal growth factors was
also performed to predict surface morphologies under the
crystal growth processes which were reviewed by Tong and
Williams.42 However, the homo- and heteroepitaxial growth
processes on metal oxide surfaces have not been well inves-
tigated theoretically and the surface dynamics of deposited
metal oxide molecules on metal oxide surfaces were also not
elucidated using computer simulations. Hence, the crystal
growth MD simulations on hetero- and homoepitaxial
growth processes of metal oxide surfaces are desired for the
design and fabrication of atomically controlled metal-oxide
materials which exhibit unexplored and interesting proper-
ties.
Interesting theoretical and computational studies have
been done to elucidate the surface reconstruction, electronic
structure, dielectric property, ferroelectricity, phonon fre-
quencies, band structure, and energetics of SrTiO3 .43–48
However, there are no studies devoted to the simulation of
the epitaxial growth process of SrTiO3 surfaces except our
earlier works.49,50 In a previous paper,50 we applied our crys-
tal growth MD simulation code to the homoepitaxial growth
process on SrTiO3(001) at 700 K and the surface structures
of SrO layers on SrTiO3(001) were discussed. Moreover, it
is experimentally well known that the substrate temperature
greatly affects the structure and morphology of the grown
metal oxide layers on substrates. Hence, the atomistic under-
standing of the substrate temperature effect on the homoepi-
taxial growth process of SrTiO3(001) is required to design
the novel metal-oxide heterojunction materials based on the
SrTiO3(001) surface. Hence, in the present study we have
simulated the homoepitaxial growth process of the
SrTiO3(001) surface at various temperatures and the tem-
perature dependency of the homoepitaxial growth process is
discussed.
II. MODEL AND METHOD
Since the SrTiO3 crystal has a structure stacked alter-
nately by nonpolar SrO and TiO2 atomic planes, two differ-
ent surface terminations with either SrO or TiO2 at the ~001!
top layer are possible. Yoshimoto and co-workers12 have de-
termined the topmost plane of the SrTiO3(001) surface by
means of CAICISS measurements. Their study revealed that
the SrTiO3(001) surface of as-supplied substrates as well as
O2-annealed substrates is predominantly terminated by the
TiO2 atomic plane. Kawasaki and co-workers13 have suc-
ceeded in fabricating an atomically flat and smooth
SrTiO3(001) surface completely terminated by the TiO2
atomic plane by treatment with pH-controlled NH4F–HF so-
lution. In order to make a straight comparison with the ex-
perimental results, we employed the SrTiO3(001) surface
model terminated by the TiO2 atomic plane as a substrate forDownloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject tothe present MD simulations, and SrO molecules were depos-
ited continuously over the SrTiO3(001) surface to simulate
an initial stage of the homoepitaxial growth process of the
SrTiO3(001) surface.
We employed our crystal growth MD simulation code51
in the present study. The constant volume and temperature
ensemble was used. The total number of species in the sys-
tem is not fixed but increases with time. Figure 1 shows the
model system of these MD simulations: the top corresponds
to the source of emitting metal oxide molecules and the sub-
strate lies at the bottom. SrO molecules, which emerge ran-
domly from any point of the emitting source of metal oxide
molecules, are emitted one by one at regular time intervals of
1000 time steps with a constant velocity of 900 m/s. This
velocity corresponds to the kinetic energy of the SrO mol-
ecule at 3360 K, which is 1.25 times larger than the experi-
mental melting temperature of the SrO crystal ~2703 K!.52 A
slab model was used under the three-dimensional periodic
boundary condition. The number of atoms in the unit cell of
MD simulation, which constitute the SrTiO3(001) substrate,
is 320 ~64 Sr164 Ti1192 O!. The surface area and substrate
thickness are 22.09 Å322.09 Å and 7.81 Å, respectively.
The distance between the SrTiO3(001) surface and the emit-
ting source of metal oxide molecules is 15.62 Å and the
thickness of the vacuum phase is 31.24 Å. In total, 32 SrO
molecules were deposited on the SrTiO3(001) surface and
this amount is equal to the number of Sr and O atoms which
constitute a single SrO layer of the MD unit cell.
The Verlet algorithm53 was used for the calculation of
the atomic motions, while the Ewald method54 was applied
for the calculation of the electrostatic interactions. Tempera-
ture was controlled by means of scaling the atom velocities.
Only the temperature of the bottom layer of the SrTiO3(001)
substrate was controlled, following the earlier work by
Weakliem and Carter33 on fluorine etching process of
Si~100! surface, such that the energy released from deposited
SrO molecules is correctly reproduced from the deposition
event. The two-body, central force interatomic potential was
used in all the calculations and is given by
u~ri j!5ZiZ je2/ri j1 f 0~bi1b j!
3exp@~ai1a j2ri j!/~bi1b j!# , ~1!
FIG. 1. Model system for simulating the epitaxial growth process of metal
oxide surfaces. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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charge, ri j the interatomic distance, and f 0 a constant. The
first and second terms in Eq. ~1! refer to Coulomb and ex-
change repulsion interactions, respectively. The parameters a
and b in Eq. ~1! represent the size and stiffness, respectively,
in the exchange repulsion interaction. The potential param-
eters for SrTiO3 were determined by using MD simulations
~Table I!, so as to reproduce the lattice constants and expan-
sion coefficients of the SrTiO3 crystal. The lattice constants,
expansion coefficients, and melting point of the SrO crystal
were also reproduced well by the same potential parameters.
The details of the validity of the potential parameters were
described in our earlier paper.50 In addition, we performed
quantum chemical calculations based on the density func-
tional theory ~DFT!55 to confirm the validity of the atomic
charges of 11.2 and 21.2 on Sr and O atoms, respectively,
for their potential parameters using DMOL56 software package
of MSI. All calculations were carried out with a double nu-
merical basis set with polarization functions.57 The Becke–
Lee–Yang–Parr nonlocal correlation functional was used for
the exchange correlation energy term in the total energy
expression.58,59 Sr16O16 and Sr18O18 cluster models were em-
ployed for the DFT calculations. Their geometries were fixed
and correspond to that of similar fragments of the bulk
SrO.60 The atomic charges on Sr and O atoms were derived
from the Mulliken population analysis. The charges on Sr
atoms vary from 11.15 to 11.23, while those on O atoms
vary from 21.16 to 21.25. We have also calculated larger
clusters, such as Sr24O24 and Sr32O32 , and found that the
atomic charges on Sr and O atoms do not significantly
change with the cluster size. Therefore, we confirmed that
the atomic charges of 11.2 and 21.2 on Sr and O atoms are
reasonable for their potential parameters, respectively.
The epitaxial growth simulation was performed for
50 000 steps with a time step of 2.0310215 s. The system
was equilibrated for 20 000 steps, prior to the epitaxial
growth simulations. The surface reconstruction of the
SrTiO3(001) surface terminated by the TiO2 atomic plane
after the equilibration was examined. The distance between
the first TiO2 plane and the underneath SrO plane is in-
creased by 10.07 Å from the bulk value ~1.95 Å!, which is
in agreement with the experimental value of 10.07 Å.9 Fur-
thermore, the oxygen atom of the first TiO2 layer was pulled
out by 10.08 Å, which is also in agreement with the experi-
mental value of 10.10 Å.9
Calculations were performed on Hewlett Packard Apollo
9000 model 710 workstation, while the CG visualization was
made with an Insight II software of MSI61 on a Silicon
Graphics IRIS-Indy workstation. Dynamic features in the ho-
moepitaxial growth process were also investigated by using
real time visualization with the MOMOVIE code and RYUGA62
TABLE I. The potential parameters of Sr, Ti, and O atoms.
Atom Zi ai /Å bi /Å
O 21.2 1.503 0.075
Sr 11.2 1.506 0.070
Ti 12.4 1.109 0.070Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject tocode developed in our laboratory and implemented on an
OMRON LUNA-88K workstation and Hewlett Packard
Apollo 9000 model 715/33 workstation, respectively.
III. RESULTS AND DISCUSSION
A. Self-diffusion coefficient and activation energy of
a single SrO molecule on SrTiO3001
Prior to the homoepitaxial growth simulations, the sur-
face migration processes of a single SrO molecule on the
SrTiO3(001) surface terminated by the TiO2 atomic plane
were investigated at various temperatures. The fundamental
knowledge on the migration process of deposited molecules
on the surface is essential to elucidate the temperature de-
pendency of the homoepitaxial growth process. The 30 000
time step calculations were carried out at selected tempera-
tures of 300–1000 K. However, during 30 000 time steps the
migration of the single SrO molecule was not observed at a
wide range of temperatures of 300–1000 K. This result may
be interpreted from the strong interaction between the TiO2
atomic plane and the SrO molecule.
SrO molecules migrate on the TiO2 atomic plane of the
SrTiO3(001) surface at the first period of the epitaxial
growth process, while they migrate on the constructed SrO
plane and search for the rest uncovered TiO2 position at the
final period. The final part of the epitaxial growth process is
more important to discuss the temperature dependence of the
constructed SrO layer structure. Hence, the surface migration
process of a single SrO molecule on the SrTiO3(001) surface
terminated by a SrO atomic plane was also investigated. The
30 000 time step calculations were repeated five times for
different initial positions of a single SrO molecule on the
surface at a selected temperature. This will allow an accurate
temperature dependence of SrO diffusivity. The results are
much different from those on the SrTiO3(001) surface ter-
minated by the TiO2 atomic plane. The smooth migration of
a SrO molecule was observed on the SrTiO3(001) surface
terminated by a SrO atomic plane even at a low temperature
of 400 K. Figure 2 shows the mean square displacements
@MSD(t)# of a single SrO molecule on the SrTiO3(001) sur-
face as a function of time at 700 K as a typical example. The
linearity of the MSD(t) curve suggests that the present simu-
lation is adequate to estimate the self-diffusion coefficient
FIG. 2. Mean square displacements of a single SrO molecule on the
SrTiO3(001) surface terminated by the SrO atomic plane at 700 K as a
function of time. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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MSD. The self-diffusion coefficients at various temperatures
are given in Table II. The D value increased drastically with
temperature. A sensitive temperature dependency of the SrO
migration ability may affect the quality and flatness of the
constructed SrO layer on the SrTiO3(001) surface.
Assuming an Arrhenius law for the temperature depen-
dency of the diffusion coefficient, we can derive the value of
the activation energy for the surface diffusion of a single SrO
molecule from the data given in Table II. Figure 3 shows an
Arrhenius plot which gives an activation energy of 3.6 kcal/
mol. We already reported an activation energy of 5.8 kcal/
mol for the surface diffusion of a single MgO molecule on
the MgO~001! surface.51 Comparing those values, we sug-
gest that the SrO molecules readily migrate and effectively
fill the defects on the SrTiO3(001) surface compared to the
MgO molecules on the MgO~001! surface. Hence, we sug-
gest that the complete epitaxial growth of the SrO layer with-
out defects on the SrTiO3(001) surface can be achieved at
lower temperature compared to the homoepitaxial growth of
the MgO~001! surface. Experimentally, Chambers et al.
reported63 that the smooth thin film fabrication in the ho-
moepitaxial growth of the MgO~001! surface is realized only
at higher temperatures of 923–1023 K. Hence, we expect
that the smooth SrO layer without defects can be constructed
at temperature lower than 923–1023 K.
We also calculated adsorption energies of a single SrO
molecule on both the SrTiO3(001) surfaces terminated by
TiO2 and SrO atomic planes during the migration process.
TABLE II. Caluculated self-diffusion coefficients ~D! of a single SrO mol-
ecule on the SrTiO3(001) surface terminated by SrO atomic plane.
Temperature/K D3109/m2 s21
1000 5.21
900 4.21
800 3.27
700 1.81
600 1.40
500 0.86
400 0.35
300 Not detected
FIG. 3. An Arrhenius plot for the surface diffusion of a single SrO molecule
on the SrTiO3(001) surface terminated by the SrO atomic plane.Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject toThe adsorption energies of deposited SrO molecules provide
the reason for their different diffusivity on both surfaces. The
interaction energies of the SrO molecule on the SrTiO3(001)
surface terminated by the SrO atomic plane at 700 K as a
function of time are shown in Fig. 4. The adsorption energy
mainly varies from 10 to 50 kcal/mol during the migration
process, and the average adsorption energy is 32.4 kcal/mol,
which is lower than that of a single MgO molecule on the
MgO~001! surface ~59.2 kcal/mol51!. The lower adsorption
energy of the SrO molecule on the SrTiO3(001) surface ter-
minated by the SrO atomic plane may lead to higher migra-
tion ability and lower activation energy of the SrO molecule
compared to the MgO molecule on the MgO~001! surface.
Hence, we propose again that the complete epitaxial growth
of the SrO layer without defects on the SrTiO3(001) surface
can be achieved at a lower temperature than that of the ho-
moepitaxial growth of the MgO~001! surface because of the
weaker interaction between the SrO atomic plane and the
SrO molecule compared to that between the MgO surface
and MgO molecule. On the other hand, the average adsorp-
tion energy of a single SrO molecule on the SrTiO3(001)
surface terminated by the TiO2 atomic plane at 700 K is 84.1
kcal/mol, which is much larger than that on the SrTiO3(001)
surface terminated by SrO atomic plane. This value is also
larger than the adsorption energy of a MgO molecule on the
MgO~001! surface. The strong interaction between the TiO2
atomic plane and SrO molecule may lead to the low diffu-
sivity of a SrO molecule on the SrTiO3(001) surface termi-
nated by the TiO2 atomic plane.
B. Epitaxial growth process of the SrO layer on
SrTiO3001 terminated by the TiO2 atomic plane at
300 K
Our crystal growth MD simulation code was applied for
the investigation of the homoepitaxial growth process of the
SrTiO3(001) surface. SrO molecules were deposited con-
tinuously over the SrTiO3(001) surface. Figure 5 shows the
deposition process of SrO molecules on the SrTiO3(001)
surface terminated by the TiO2 atomic plane at 300 K. The
SrTiO3 substrate is shown by atomic bonds, while the depos-
ited SrO molecules are represented by spheres. After the mi-
gration of SrO molecules on the SrTiO3(001) surface, a two-
FIG. 4. Interaction energies of a single SrO molecule on the SrTiO3(001)
surface terminated by the SrO atomic plane during the migration process at
700 K as a function of time. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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SrTiO3(001) surface terminated by the TiO2 atomic
layer at 300 K.dimensional and epitaxial growth of the SrO thin layer was
observed. Moreover, the deposited SrO molecules retained
the perovskite structure and the ~001! oriented configuration
during the MD simulation. However, after all 32 SrO mol-
ecules were deposited on the SrTiO3(001) surface, some de-
fects were observed in the first SrO layer, and some SrO
molecules have constructed the second SrO layer. Thus, the
complete layer-by-layer homoepitaxial growth of SrO thin
films without defects was not obtained at a low temperature
of 300 K.
In Sec. III A, we analyzed the diffusivity of a single SrO
molecule on the SrTiO3(001) surface terminated by the SrO
atomic plane. However, the migration of the SrO molecule
was not observed at 300 K during 30 000 time steps. The
small diffusivity of the SrO molecule at 300 K leads to the
formation of defects in the constructed SrO layer on the
SrTiO3(001) surface. The deposited SrO molecules stacked
close to the position where they hit the surface and did not
reach defect sites at a low temperature of 300 K. Hence, the
low migration ability of the SrO molecule is responsible for
the incomplete layer-by-layer homoepitaxial growth of the
SrTiO3(001) surface with some defects.
C. Epitaxial growth process of the SrO layer on
SrTiO3001 terminated by the TiO2 atomic plane at
713 K
We also simulated the deposition process of SrO mol-
ecules on SrTiO3(001) substrate terminated by the TiO2
atomic plane at 713 K ~Fig. 6!. Even at this high tempera-
ture, the SrO grew epitaxially retaining the perovskite struc-
ture and ~001! oriented configuration. Furthermore, the for-
mation of a single two-dimensional uniform and flat layer of
SrO without any defects was observed at 50 000 time steps,Downloaded 22 Dec 2009 to 130.34.135.21. Redistribution subject towhich is significantly different from the results at 300 K.
Thus, high temperature was found to lead to the complete
epitaxial growth of the SrO layer on the SrTiO3(001) sur-
face. In Sec. III A, we discussed the surface migration pro-
cess of a single SrO molecule on the SrTiO3(001) surface
terminated by the SrO atomic plane at various temperatures
and a remarkably high D value was observed at 700–1000 K.
The defects on the surface were effectively and readily filled
with the migrating SrO molecules at such high temperatures.
Hence, the increase in the diffusivity of deposited SrO mol-
ecules with increasing temperature is responsible for a com-
plete layer-by-layer homoepitaxial growth. Furthermore, we
predicted in Sec. III A that the complete epitaxial growth of
the SrO layer on the SrTiO3(001) surface may be realized at
a temperature lower than 923–1023 K, in terms of the acti-
vation barrier of the SrO migration on the SrTiO3(001). The
validity of the above prediction is confirmed by the present
epitaxial growth simulation.
The experimental technique to fabricate the SrTiO3(001)
substrate terminated by SrO atomic plane directly from a
commercial SrTiO3(001) substrate without the deposition of
the SrO layer has not been developed yet. However, these
results suggest that the artificial construction of the
SrTiO3(001) surface completely terminated by the SrO
atomic plane is possible, in addition to the surface terminated
by the TiO2 atomic plane accomplished by Kawasaki and
co-workers.13 We can artificially obtain the two different
atomically flat SrTiO3(001) surfaces, which have been desir-
able for the atomic control of the metal oxide interfaces such
as ferroelectrics/SrTiO3 ~e.g., BaTiO3 /SrTiO3) and super-
conductor/SrTiO3 ~e.g., YBa2Cu3O72x /SrTiO3).
Experimentally, Kawasaki and co-workers64 applied la-
ser MBE technique to fabricate the SrO layer on the atomi-FIG. 6. Epitaxial growth process of the SrO layer on
SrTiO3(001) surface terminated by TiO2 atomic layer
at 713 K. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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plane obtained by the NH4F–HF treatment13 and they
achieved the epitaxial and two-dimensional growth of single
SrO layer at 713 K, which is in good agreement with our
simulation results. Especially, at 713 K they also observed
RHEED oscillation when a single SrO layer grew on the
surface. Moreover, they confirmed the atomically flatness of
the grown SrO layer on the substrate by using the AFM
technique. The preferability of high substrate temperature on
the complete layer-by-layer homoepitaxial growth of the
SrTiO3(001) surface was also observed experimentally.
IV. CONCLUDING REMARKS
We successfully simulated the dynamic features of the
homoepitaxial growth process of the SrTiO3(001) surface
and the substrate temperature effect on the structure of the
SrO layer formed on the SrTiO3(001) surface. At a low tem-
perature of 300 K, the surface diffusivity of deposited SrO
molecules is low. Therefore, molecules remain on the posi-
tion where they hit the surface. This leads to the clustering of
the deposited SrO molecules, and the grown film shows
many defects. At a high temperature of 713 K, the surface
diffusivity becomes higher and SrO molecules move on the
surface to fill up all available sites. Therefore, a smooth and
flat SrO thin film was constructed and layer-by-layer ho-
moepitaxial growth was realized.
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